Fascioliasis occurs on all inhabited continents. It is caused by Fasciola hepatica and Fasciola gigantica, trematode parasites with complex life cycles, and primarily affects domestic livestock. Humans become infected after ingestion of contaminated food (typically wild aquatic vegetables) or water. Fascioliasis may be difficult to diagnose as many symptoms are non-specific (e.g. fever, abdominal pain and anorexia). Treatment options are limited, with older effective therapies such as emetine and bithionol no longer used due to safety issues and unavailability, and most common anthelminthics having poor efficacy. Clinical trials conducted over a 25-year period, together with numerous case reports, demonstrated that triclabendazole has high efficacy in the treatment of human fascioliasis in adults and children and in all stages and forms of infection. Triclabendazole was approved for human use in Egypt in 1997 and in France in 2002 and a donation program for the treatment of fascioliasis in endemic countries was subsequently established by the manufacturer and administered by the World Health Organization. Here the published data on triclabendazole in the treatment of human fascioliasis are reviewed, with a focus on more recent data, in light of the 2019 US Food and Drug Administration approval of the drug for use in human infections.
Introduction
In February 2019, the US Food and Drug Administration (FDA) approved triclabendazole (Egaten, Novartis Pharmaceuticals, East Hanover, NJ, USA) for the treatment of human fascioliasis. 1 Triclabendazole has been used in many other parts of the world, following approval in Egypt in 1997 and France in 2002, through a donation program established under the guidance of the World Health Organization's (WHO) Department of Control of Neglected Tropical Diseases. Here we review the history of triclabendazole in the treatment of human fascioliasis, with a focus on more recent published studies.
Fascioliasis is caused by two species of flukes (Fasciola hepatica and Fasciola gigantica), with complex life cycles involving freshwater snails as well as mammalian hosts, that mainly infect goats, cattle and sheep, but can infect humans after ingestion of larval flukes (metacercariae) in contaminated water or aquatic vegetables. 2 F. hepatica grows to 30 mm and is found in Europe, the Americas, Asia, Africa and Oceania. The larger (75 mm) F. gigantica is observed primarily in western Africa and much of Asia, with both species in parts of Asia and southern and eastern Africa. 3, 4 Fascioliasis is considered to be one of the most widespread foodborne trematode infections ( Figure 1 ). 5, 6 Considered a neglected tropical disease, 6, 7 human fascioliasis occurs frequently where consumption of wild aquatic vegetables is common or through contaminated water, notably in Bolivia, Peru, Cuba, China, Iran, Vietnam and Egypt. 2 Fascioliasis in humans has also been reported in many European countries (notably Turkey, Spain and France), with occasional cases in the USA. 2 Residents of more than 70 countries are at risk of fascioliasis; in 2005 there were an estimated 2.6 million infections worldwide, with 5 1.3 million in Latin America and 1.1 million in Africa. 5 Schoolage children are disproportionately affected in endemic areas. In both children and adults, fascioliasis can be a serious infection, with high fever, enlarged tender liver, anaemia and neurological sequelae. 8, 9 Natural disasters, particularly flooding, may increase the transmission of fascioliasis, leading to outbreaks. Reported deaths are rare, but can occur. 9 Fascioliasis contributes to huge financial losses in the livestock industry and is associated with significant illness and morbidity, mainly in lower-income farming communities. 2 Typical cases of human fascioliasis can be broadly divided into two stages. 3 The acute stage may last for 3-5 months and is considered to be associated with the migration of flukes into the bile ducts. It may be accompanied by fever, anorexia, abdominal pain, gastrointestinal disturbances, urticaria, ascites, hepatomegaly and splenomegaly, anaemia and eosinophilia. Respiratory symptoms, although rare, may also occur. [10] [11] [12] [13] In chronic disease, adult flukes are resident in the bile ducts. The presence of the parasite, together with the resulting inflammation and epithelial hyperplasia, may lead to biliary obstruction. Biliary colic, epigastric pain, jaundice and right upper quadrant abdominal tenderness may occur during this phase of infection. Hepatic enlargement may occur, associated with splenomegaly or ascites. 11, 12, 14, 15 Gallstones are commonly found. 10, 16 Flukes may have long lifespans in humans: chronic disease may persist for >10 y. 12 Rarely, Fasciola spp. may be found in other organs, including the abdominal wall, lungs, heart, brain, skin, muscles and the genitourinary system. Such cases, known as ectopic fascioliasis, may present with a variety of symptoms, depending on the location, sometimes mimicking tumours or abscesses. 17
Diagnosis
Fascioliasis can be challenging to diagnose, as many clinical features of the disease (e.g. gastrointestinal symptoms and eosinophilia) are non-specific. 18 Diagnosis is generally based on a combination of clinical symptomatology, laboratory evaluations, imaging (most commonly ultrasonography or computed tomography scanning), serological testing or coprologic antigen tests and detection of Fasciola spp. eggs in faeces or duodenal aspirates, using for example the Kato-Katz method. 3, 19 Detection of Fasciola spp. eggs, while providing a definitive diagnosis, is considered to be possible only in chronic disease (where adult flukes are present in the biliary tract), and acute fascioliasis remains more difficult to identify, 2,20,21 although serology is useful and imaging may be more sensitive and specific than in chronic disease. 12
Treatment
The treatment of human fascioliasis is based on the use of anthelminthics to kill flukes complemented by symptomatic treatment to relieve abdominal pain, and potentially the use of antispasmodics to treat biliary colic, which may result when dead or dying flukes accumulate in the biliary ducts and cause drainage obstruction. 3
Triclabendazole
Triclabendazole (6-chloro-5-(2,3-dichlorophenoxy)-2-(methylthio)-1H-benzimidazole) is a benzimidazole derivative of ampholytic character ( Figure 2 ). It was originally developed and marketed by Ciba as Fasinex to treat fascioliasis in domestic livestock and has been in veterinary use since 1983. 22 Following cessation of commercial production of bithionol, development of triclabendazole for human use was initiated in the 1990s via a collaboration between the WHO and Ciba (the manufacturer of Fasinex at the time).
Pharmacodynamics and pharmacokinetics
Triclabendazole is a narrow-spectrum anthelminthic, with activity against Fasciola (F. hepatica and F. gigantica) and Paragonimus spp. It is effective against Fasciola spp. at all stages of infection. 14, 23 The mechanism of action of triclabendazole has not been fully elucidated and may involve multiple targets, including tegumental disruption via inhibition of microtubulebased processes or adenylate cyclase activity. 24 The sulphoxide metabolite appears to have a delayed but more potent effect on parasite motility than triclabendazole itself, 25 and it is probable that the drug acts principally through this metabolite, which is largely predominant in human plasma following pre-systemic biotransformation of triclabendazole. 26, 27 As a result, pharmacokinetic investigations have relied mainly on the determination of plasma concentrations of the sulphoxide metabolite. Pharmacokinetic parameters were similar in healthy volunteers and fascioliasis patients. 28 Two open-label, non-randomized studies, one performed in Peru and the other in Europe, compared administration under fed and fasting conditions in fascioliasis patients, with similar results in each study 27 (unpublished data, Novartis). Absorption was rapid: t max [time to reach the maximum serum concentration] of 2-3 h for the parent compound). The mean maximum serum concentration (C max ) and median t max of sulphoxide metabolite were increased from 2 h (fasting) to 4 h (fed) and 15.8 μmol/L (fasting) to 38.6 μmol/L (fed condition), respectively. Overall, food resulted in about 2.2-fold increase in the AUC of sulphoxide metabolite. 27 The mean elimination half-life of the sulphoxide metabolite from plasma is approximately 11 h in the fed state. The enhanced exposure to the drug under fed conditions led to a recommendation that triclabendazole should be administered with food.
No excretion studies were conducted in humans; however, in animals, the drug is largely excreted via the biliary tract in the faeces (approximately 90%), together with the sulphoxide and subsequently the sulphone metabolite. Less than 10% of an oral dose is excreted in the urine. 26 No significant safety issues related to drug-drug interactions were observed from clinical studies and post-marketing safety data (unpublished data, Novartis). This could potentially be attributed to the single-dose administration of triclabendazole.
Efficacy and safety studies in humans
Triclabendazole treatment of human fascioliasis has been studied over a period of almost 30 year using a variety of doses and regimens in a wide range of geographic areas. Most studies were non-comparative, given the lack of effective alternative treatments and that use of placebo controls would not be considered ethically acceptable (although one placebo-controlled study with nitazoxanide in fascioliasis has been conducted). 29 Two relatively recent studies compared triclabendazole with artemisinin derivatives. 30, 31 
Early clinical development of triclabendazole
Clinical development of triclabendazole in humans was initiated by the WHO, with the support of the then-sponsor Ciba, starting a clinical trials program in the treatment of human fascioliasis and paragonimiasis. This program, conducted between 1989 and 1992, included six trials in fascioliasis (two performed in Bolivia and one each in Chile, Peru, Cuba and Iran). 32 The studies all had similar designs (open label and uncontrolled, although three of the studies assessed different triclabendazole doses) and the same efficacy endpoint: parasitological cure, based on the Patients who failed to respond to a single 10 mg/kg dose were re-treated with two doses given 1 d apart.
b Study included patients who were faecal egg positive ('cases') or faecal egg negative but with characteristic signs or symptoms and laboratory data ('suggestive cases'); cure rates for cases are shown here. c Includes two patients who were egg positive at Days 14 and 30. These patients received a further 10 mg/kg dose of triclabendazole on Day 30 and were egg-free at Day 60. d Patients who were egg positive at 3 months were re-treated with a second 10 mg/kg dose; cure rate 2 months after second dose.
NS: not specified.
absence of Fasciola spp. eggs in faecal samples at Day 60. All patients had to be egg-positive at baseline. Table 1 shows cure rates in these studies by dose regimen. These studies established that a triclabendazole dose of 10 mg/kg (10 mg/kg single dose or two 5 mg/kg doses) was effective (with cure rates ranging from 14/20 [70%] to 22/22 [100%]) and well tolerated in adult and paediatric patients; a total dose of 20 mg/kg (10 mg/kg doses given on Days 1 and 3) also showed very high cure rates and was well tolerated.
In addition, three studies were performed in Egypt in 1996, with analysis and reporting done by the investigators under supervision of the Egyptian Ministry of Health. All patients received 10 mg/kg triclabendazole, either as a single dose or as two 5 mg/kg doses given on the same day: in two studies doses were given under fed conditions and in the other the relationship to food was not reported. Cure rates (absence of eggs in faeces at 60 d) in these studies ranged from 24/30 (80%) to 24/25 (96%) ( Table 1) .
Also in 1996, a Ciba-sponsored open-label, non-comparative trial evaluated the use of triclabendazole to control a fascioliasis epidemic that was reported in La Palma, Pinar del Río, West Cuba in 1995. 10 Eighty-two adult or adolescent patients were treated with two 10 mg/kg doses of triclabendazole, given after food, 12 h apart. All patients had faecal Fasciola spp. eggs at baseline. Three patients were lost to follow-up and 79 completed the study. At Day 60, 71/77 (92%) patients no longer had faecal Fasciola spp. eggs. Regulatory approval in Egypt (1997) and France (2002) for the use of triclabendazole in the treatment of human fascioliasis were obtained on the basis of these studies and the dosing regimen established in them.
Human use following initial development and registration
Since the initial studies in humans, many case reports, case series and studies with triclabendazole in the treatment of human fascioliasis in a wide range of countries have been published. These include data on the treatment of adults, adolescents and children, but treatment has not been specifically studied in elderly patients or patients with renal or hepatic impairment. Also, there are no studies on its use in pregnancy or lactation. Clinical studies ( Table 2) include two randomized trials, one comparing triclabendazole with artesunate in 100 patients in Vietnam 30 and the other comparing two doses of triclabendazole in 84 paediatric patients in Peru, 33 a study with 90 paediatric patients in Bolivia, 34 a study in Egypt with 134 patients, 35 a study with 165 patients in Iran 36 and a trial with 40 patients in Egypt, of whom 16 were treated with triclabendazole. 31 Hien et al. 30 describe the only reported randomized trial comparing triclabendazole (two doses of 10 mg/kg, 12 h apart) with another therapy (artesunate 4 mg/kg once daily for 10 d). Faecal egg counts were not used for diagnosis (which was based on serology, imaging, clinical signs and symptoms and eosinophilia) or efficacy assessment, as the study focused on patients with acute stage disease. The primary efficacy parameter was resolution of abdominal pain at Day 10; the secondary endpoint was complete response at The authors considered it likely that the low rate of complete response was due to the low rate of resolution of eosinophilia, itself the result of high rates of co-infection with other parasites in the study population. Table 2 summarises efficacy outcomes in other studies: faecal egg counts were used to assess efficacy, except in a subgroup of patients with acute fascioliasis in the study by Talaie et al., 36 who were diagnosed on the basis of clinical signs or symptoms and laboratory findings. Cure rates after treatment with triclabendazole doses of 10 mg/kg (repeated in some cases) or 15 mg/kg ranged from 11/16 (69%) to 44/44 (100%).
In patients with acute fascioliasis in the study by Talaie et al., 36 cure was defined as the absence of faecal Fasciola spp. eggs, a decrease in or complete disappearance of clinical signs and symptoms and immunoglobulin G levels ≤128 mg/dl. In this study, patients received either one, two or three daily 10 mg/kg doses of triclabendazole. Cure rates at 60 d were 23/36 (63.9%), 24/35 (68.6%) and 23/36 (63.9%), respectively.
The study described by Villegas et al. 34 is of particular interest. The Bolivian northern Altiplano region has a very high endemicity of fascioliasis, with the highest prevalence observed in children. 37 Following consultation with experts from the WHO, the Bolivian Ministry of Health decided to implement large-scale deployment of triclabendazole in this region, without individual diagnosis, in 2008. In a pilot study performed prior to implementation of this policy, asymptomatic schoolchildren were tested for Fasciola spp. carriage by faecal egg counts. 34 Those with positive results were treated with triclabendazole (10 mg/kg single dose, repeated if necessary). The single dose resulted in a cure rate of 70/90 (78%) at 3 months, and 18/20 (90%) of the patients who required retreatment were cured at 2 months ( Table 2 ). The policy of preventive triclabendazole treatment for fascioliasis was subsequently implemented by the Bolivian government and 71 456 patients were treated in 2008 and 223 946 in 2009. 38 In addition to these clinical studies, numerous case reports and case series have described triclabendazole treatment of human fascioliasis, as reviewed in Keiser et al. 14 Across the studies, case series and case reports from a very wide range of geographical areas, successful treatment of all forms and stages of fascioliasis has been described. In addition to acute and chronic stages of infection, asymptomatic chronic fascioliasis was the subject of case reports [39] [40] [41] [42] as well as studies by El-Morshedy et al. 35 and Villegas et al. 34 A small number of case reports have also described the efficacy of triclabendazole in ectopic fascioliasis. 17, [42] [43] [44] In most reports, parasites were not identified to the species level, but given the geographical distribution of each species, it is likely that F. hepatica was involved in most cases. In one published study performed in China, 45 F. gigantica was identified using serology and molecular techniques, and improvement of clinical signs and symptoms was reported in all patients. In one of the Egyptian government studies, both F. hepatica and F. gigantica infections were treated; the cure rate for F. gigantica was lower, but only 12 such infections were treated. Successful treatment of F. gigantica was also described in case reports. 46 
Safety and tolerability
Based on the available data, triclabendazole appears to be well tolerated in the treatment of fascioliasis. The most common adverse events (AEs) associated with treatment appear to be related to the expulsion of dead or dying flukes from the hepatobiliary system. These AEs, characterized as biliary colic, include abdominal, hypochondrial and epigastric pain, often accompanied by sweating, in some cases with associated obstructive jaundice and elevations in serum levels of hepatic enzymes, most commonly alkaline phosphatase. 10, 31, [33] [34] [35] [36] The timing of these events (biliary colic symptoms tend to occur 3-7 days post-therapy, with elevations of hepatic enzymes, where present, generally occurring around 7 days post-treatment), indicates that parasite expulsion is the most likely cause rather than a direct relationship to triclabendazole. Triclabendazole C max occurs 4-10 hour post-ingestion, whereas expulsion of parasites typically happens 48 h after dosing. 10 Among other AEs commonly reported during the studies, urticaria, pruritus and rash may be related to fascioliasis, as they commonly occur in infected patients. Other relatively common AEs were headache, dizziness and vertigo.
Treatment failure and resistance
Triclabendazole resistance has been widely reported in fascioliasis affecting livestock. 23 In human infections, a small number of cases in which patients failed to respond to multiple treatment courses with recommended doses of triclabendazole have been reported. [47] [48] [49] These cases occurred in areas where resistance in livestock infections is common. The chronology with regard to the evolution of symptoms, treatment details and evaluation of response to treatment suggest that some of these cases may indicate reinfection rather than treatment failures, but treatment failure due to resistance could not be ruled out. Although resistance to triclabendazole in livestock infections is well established, it appears to be rare and sporadic in human fascioliasis.
Other treatments
Most anthelminthics, such as praziquantel, albendazole and metronidazole, show little efficacy in fascioliasis. 10, 50 Emetine has been reported to be effective, 51 but the use of emetine (and dehydroemetine) is limited by safety issues, principally cardiotoxicity. 39 Prior to the development of triclabendazole, bithionol was widely used, 11 but it requires a lengthy treatment course, is associated with tolerability issues 11 and cure rates vary considerably. [52] [53] [54] Bithionol is no longer commercially available. P. Gandhi et al.
Other compounds that have shown some efficacy but have not been investigated further are metronidazole 55 and nitazoxanide. 29, 56, 57, 58 Artemisinin derivatives have also been investigated in human fascioliasis, but efficacy was not optimal and/or required rescue with triclabendazole. 30, 31 
Discussion
Human fascioliasis has been reported on all inhabited continents but is most common in certain regions, notably specific areas of Peru, Bolivia, Egypt, Iran and Vietnam. Despite the worldwide distribution of fascioliasis, treatment options were limited prior to the development of triclabendazole, and remain so, as no other therapies have demonstrated similar, adequate efficacy against fascioliasis.
On the basis of studies in the 1990s performed by the WHO in collaboration with Ciba, studies by the Egyptian government and subsequent published studies, case series and case reports, triclabendazole is highly effective in the treatment of human fascioliasis. The early studies established that a 10 mg/kg single dose, given postprandially, is usually effective, however, patients need to be followed up for confirmation of clinical improvement. In case of treatment failure with a 10 mg/kg single dose, two additional doses of 10 mg/kg can be given 12-24 h apart. These studies were the basis of regulatory approvals in Egypt in 1997 and France in 2002 and are reflected in the current WHO recommendations. The recent approval by the US FDA recommends a total dose of 20 mg/kg (two 10 mg/kg doses given 12 h apart); this is based primarily on more recent studies. 30, 31, 33 Studies in paediatric patients suggest that the same treatment regimens should be used in children of ≥6 y of age and is well tolerated. 33, 34 Triclabendazole has been shown in clinical studies to be effective in the treatment of chronic and acute forms of fascioliasis and in both F. hepatica and F. gigantica infections. Triclabendazole treatment was generally well tolerated, with most AEs probably related to the expulsion of dead or dying flukes from the biliary tract. Although resistance to triclabendazole in livestock infections is well established (as might be expected following its extensive use in veterinary medicine), it appears to be rare and sporadic in human fascioliasis.
Most clinical trials with triclabendazole in the treatment of human fascioliasis have employed open-label, non-comparative designs (although in many studies, some randomised, different dose regimens were compared). This was mainly due to the lack of effective active comparators. Ethical considerations preclude placebo controls in studies in fascioliasis, although one placebo-controlled study with nitazoxanide has been reported. 29 In this study, only 1/16 (6.25%) placebo-treated patients stopped excreting eggs at 90 d (as compared with 32/65 [49%] nitazoxanide-treated patients). This suggests that only a small placebo response can be expected in fascioliasis and that the use of placebo controls in studies with triclabendazole would be have been of little value. The only prospective randomized comparative trial with triclabendazole, which used artesunate as a comparator, was unusual in that egg counts were not used to assess efficacy (patients appeared to have the acute form of fascioliasis) and complete response rates at 60 d were low for both compounds (for reasons discussed previously) but significantly higher with triclabendazole than artesunate. 30 Triclabendazole is the only treatment for fascioliasis recommended by the WHO and the Pan American Health Organization, 59 and is the drug of choice recommended by the US Centers for Disease Control and Prevention. 60 Following initial approvals in Egypt and France, a donation program for triclabendazole for the treatment of fascioliasis in endemic countries, under the guidance of the WHO's Department of Control of Neglected Tropical Diseases, was established. Between 2006 and 2016, the manufacturer (Novartis) donated triclabendazole to the WHO as treatment for 1.15 million patients. 61 The recent approval by the US FDA makes the drug readily available in the USA and further demonstrates the continued importance of triclabendazole for the treatment of fascioliasis.
